Probing reaction potential energy surfaces is crucial for understanding chemical reaction dynamics and kinetics. The fundamental importance of the potential energy surface in understanding chemical reactivity was pointed out in the pioneering paper by Eyring and Polanyi in 1931 [1]. Accurate potential energy surfaces, however, are difficult to obtain. In the last few decades, more accurate quantum chemistry methods to calculate potential energy surfaces became available. In addition, quantum dynamics methods were also developed and allow us to study simple chemical reactions from first principles. Furthermore, modern crossed molecular beams studies provide an excellent testing ground for developing an accurate physical picture of elementary chemical reactions, through interplay between theory and experiment. In this paper, we review recent developments in the study of reaction dynamics of elementary chemical reactions through combined experimental and theoretical efforts. We will provide two examples to demonstrate the importance of accurate potential energy surfaces in understanding the essentials of reaction dynamics. One is the simplest chemical reaction: the H + H 2 reaction, the other is the benchmark system for chemical reaction resonance: the F + H 2 reaction. Through these studies, dynamics of chemical reactions can be understood at the most fundamental level.
Introduction
Chemical reactivity is essentially a process of old chemical bond breaking and new chemical bond formation. The development of quantum mechanics in the early 1920s, and subsequently quantum chemistry, has provided the fundamental theoretical bases for interpreting chemical bonding and chemical reactivity. In this sense, understanding chemical reactions at the most fundamental level requires help of quantum mechanics. This was, however, not immediately obvious right after the development of quantum mechanics theory. Eyring and Polanyi in 1931 [1] pointed out for the first time that using calculated potential energy surfaces (PES) can help us to understand the dynamics of simple chemical reactions at the most fundamental level in their seminal paper "On Simple Gas Reactions". The frame work established by Eyring and Polanyi was the beginning of modern chemical reaction dynamics. Obtaining accurate potential energy surfaces and using quantum mechanical theory to understand chemical processes was, however, a daunting task in the early days of quantum mechanics, when only the hydrogen atom could be solved analytically. For multiple electron and nuclear systems, solving the Schroedinger equation accurately seemed impossible at that time, especially when accurate potential surfaces were not available and numerical methods for solving the Schroedinger nuclear equations were also not yet developed. In the past few decades or so, development of quantum chemical methods as well as the fast growth of numerical computing power made calculations of accurate potential energy surfaces possible for simple reaction systems (triatomic and tetratomic reactions) beyond chemical accuracy (∼ 1 kcal/mol). In the past few decades, methods for solving Schroedinger equations for triatomic and tetratomic systems have also been developed. This makes full quantum theoretical dynamics studies of chemical reactions based on first principles truly possible. Experimentally, accurate measurements of reaction dynamics properties also made astonishing progress. Because of the development of highly sensitive high resolution detection methods, such as the H-atom Ryberg tagging technique, measuring state-resolved differential cross sections became a possible for experimentalists, even though it is still quite difficult. These most detailed experimental studies of a chemical reaction can be compared with the state-of-art quantum dynamical results in order to test both theoretical results and theoretical models of chemical reactions in the most rigorous way. The strong interactions between experiment and theory allow us to investigate the reaction dynamics of elementary chemical reactions at a level that was not possible to attain previously.
One of the most important concepts in chemical reactions is the concept of transition state, which was also introduced by Eyring and Polanyi [2, 3] in 1935. Direct detection of the transition state has been regarded as a "Holy Grail" in chemistry [4] . Understanding the effects of the transition state in chemical reactions also requires the strong interaction between experiment and theory. One of the most intriguing issues in chemical reaction dynamics is reaction resonance. As a result, the reaction resonance has been an important topic in the study of chemical reaction dynamics in the last few decades [5] [6] [7] [8] [9] [10] [11] . However, because of the averaging effect due to the many orientations, impact parameters and collision energies in chemical reactions, probing the structure and dynamics of such resonances experimentally has been a great challenge in modern reaction dynamics. Theoretically, understanding the dynamics in the transition state region also is not an easy task. This certainly requires accurate potential surfaces as well as efficient methods to solve Schroedinger equations for nuclear motions.
Great efforts have been devoted to investigating chemical dynamics of simple chemical reactions in the past few decades starting in the 1960s. Experimentally, crossed-molecular-beams reactive scattering methods have been developed to be a primary tool to measure detailed dynamics of simple chemical reactions. More and more accurate quantum theoretical calculations of the reaction properties in simple chem-ical reactions such as the H + H 2 and F + H 2 reactions are also possible. Interesting dynamics in these simple reactions such as resonances in H + H 2 [12] [13] [14] [15] and F + H 2 reaction [16] [17] [18] can be calculated and predicted. The accuracy of these theoretical pictures, however, requires the validation of experimental measurements. In the past ten years or so, significant efforts have been devoted to understand the dynamics of these simple reactions through combined theoretical and experimental studies in our laboratory. The search for and characterization of reaction resonances in these two reactions represent a big part of our efforts to understand the dynamics of resonances in chemical reactions. The theoretical pictures of chemical resonances in these simple systems became gradually clarified due to concerted theoretical and experimental efforts. In addition, accurate dynamics studies can now be extended to tetra-atomic reactions such as the OH + H 2 reaction [19] . In this review, we would like to present a few examples on how we can advance our understandings of chemical reactions at the most fundamental level through combined theoretical and experimental efforts. We will focus on the recent studies of the H + H 2 reaction and the F + H 2 reaction to show the importance of accurate quantum dynamics to understand the fundamental dynamics of these simple chemical reactions.
The H + H 2 reaction: probing quantized bottleneck states
Much of our understanding about fundamental chemical dynamics was born from the studies of reactions that involve only a few atoms. The H + H 2 reaction has played an important role in the study chemical reaction dynamics. Because of its simplicity and its accessibility in exact quantum theoretical dynamics, it naturally has become a crucial testing ground for developing important concepts in chemical reactions. Extensive experimental [20] [21] [22] and theoretical [23] [24] [25] [26] [27] [28] [29] [30] studies on this system were performed in the early days. However, many important issues in this reaction had not been clarified, such as the existence of reaction resonances, the nature of reaction resonances. Since the middle of 1990s, rotational state resolved crossed beams scattering study of this simplest reaction using the high resolution, highly sensitive Rydberg tagging time-offlight technique, in combination with accurate quantum dynamics calculations, pushed our understanding of the fundamental issues of this reaction.
Welge and coworkers carried out the first rotational state resolved crossed beam experiment on the H + D 2 → HD + D reaction [31, 32] using the H atom Rydberg tagging technique which was developed in the early 1990s [33] . HD product ro-vibrational state resolved differential cross sections were measured at different collision energies. The crossed beam study on the H + D 2 reaction were performed at different collision energies using the H atoms generated via HI photodissociation at different laser wavelengths. Figure 1 shows the product kinetic energy distributions of the H + D 2 reaction at four collision energies [34] . The remarkable resolution achieved in this study is manifested clearly in Fig. 1 , in which the HD products in individual ro-vibrational states can be fully resolved. Time-of-flight spectra calculated using quantum scattering dynamics methods based the best potential energy surface available is in very good agreement with the experimental results.
A more interesting issue in the benchmark H + H 2 reaction is the existence of reaction resonances in this system. Theoretical predictions of the resonances in this system have been made based on early quantum calculations in 1970s [35] [36] [37] [38] [39] [40] . Experimental detection of the predicted resonances, however, remained elusive. In 1988, an experimental study on the H + H 2 reaction was carried out using the CARS technique and some resonance like features were detected [41] . However, more accurate theoretical calculations did not support the assignment of these resonance features. In 2000, a crossed beam study of the H + D 2 reaction was performed and experimental evidence of resonance structure in this system was reported [42] , which was later attributed to systematic errors in the experiment.
How to observe reaction resonances is a key issue in the experiment. It is known that an obvious signature of resonance behaviors in chemical reactions in a scattering experiment is forward scattering products. Therefore, full quantum state resolved scattering experiments provide a powerful tool to probe resonances in this reaction. Zare and coworkers [43, 44] were able to observe a forward scattering peak in the H + D 2 reaction using the photoloc technique and attributed the forward scattering peak to scattering resonances. In a later report, Althorpe and coworkers analyzed the forward scattering peak using full quantum dynamics calculations based on the BKMP2 PES [45] , which was claimed to have an accuracy of about 5 cm −1 , and concluded that the forward scattering peaks observed in the DCS for the H + D 2 reaction were associated with the time-delay in the transition state region [46] . [47, 48] . Theoretical state-resolved differential cross section using the highly accurate BKMP2 PES are in quantitative agreement with the experimental results (see also Fig. 2 ). This allows to go on further analyzing the mechanism of the forward scattering peak. Through detailed dynamical analysis, the forward scattering peak was attributed to a time-delay mechanism caused by a slowing-down of the reaction complex while going over the barrier of a quantized bottleneck state (QBS) that is only quantized along the complex coordinates perpendicular to the reaction coordinate. While similar, this is clearly not due to a reaction resonance, which should have quantized structures in coordinates along and perpendicular reaction coordinates, as theoretically predicted. This combined high level theoretical and experimental study clarified an important concept in reaction dynamics that forward scattering does not always mean reaction resonances. This work shows the importance of the interaction between theory and experiment as well as theoretical dynamical analysis based on the most accurate potential energy surfaces. Only in this way, could detailed dynamical insights on chemical reactions be found.
Even though no evidence of reaction resonances was found in the H + H 2 system in the above study, it nevertheless implies the existence of quantized bottleneck states (QBS) that could affect the reaction dynamics of the system. In a following study by Dai et al. on the H + D 2 → D + HD reaction [49] , a continuous variation of the collision energy was achieved using an H-atom beam generated by tunable laser photodissociation of HI. By calibrating the relative intensities of the state resolved scattering signal in-situ, relative differential cross sections at the backward scattering direction can be measured for a specific reaction product quantum state (HD(v = 0, j = 2)). The experimentally measured differential cross sections show three oscillations ( Fig. 3 ) over the total energy range investigated. A fully converged coupled channel scattering calculation using the highly accurate BKMP2 PES [45] was also performed. As also shown in Fig. 3 , the oscillations in the experimental DCS for the H + D 2 (0, 0) → HD(v = 0, j = 2) + D reaction is very well reproduced by the theory. Further detailed analysis indicates that these oscillations observed are not resonance peaks of the QBS. They are, however, intimately connected to the QBS that are shown in Fig. 4 . It appears that the energy-dependent oscillations observed in the experiment are the result of interference of these QBS pathways. This study provides clear experimental evidences of quantized bottleneck states in a bimolecular reaction, which is also strongly supported by the most accurate quantum theory. Crossed beams study on the D + H 2 → HD + H reaction with H 2 at j = 0 and j = 1 at the collision energy of 0.78 eV has also been carried out [50] The full quantum stateresolved differential cross sections in the backward scattering direction are measured for the reactions with H 2 in the j = 0 and j = 1 states and shows an unexpected bimodal distribution of rotational product states for backward scattering from the H 2 ( j = 0) reaction. A strong distinction in the dynamics was also observed between the H 2 ( j = 0) and H 2 ( j = 1) reactions at this collision energy. This dynamical distinction was attributed to the symmetry selection of the quantum bottleneck state pathways due to helicity conservation during the reaction process [50] . Because of the symmetry selection, different type reactive collisions, such as cartwheel collision (k = 0) and helicopter collision (k = 1), pass through different QBS pathways as shown in Fig. 5 . This indicates that the QBS pathways can be controlled stereodynamically, providing a case of state-to-stateto-state dynamics, in which not only the quantum states of the reactants and products are characterized but also the transition state pathways are controlled in an obvious way. These studies of the H + H 2 systems clearly show that accurate potential energy surfaces and quantum dynamics calculations, in combination with high resolution scattering experiments, can help us to understand the reaction dynamics of this benchmark system in a way that was never possible before.
The F + H 2 reaction: probing feshbach resonances with spectroscopic accuracy
Above, we have shown experimental as well as theoretical evidence of quantized bottleneck states in the H + H 2 reaction system. These states can only be called quasiresonances because there is no quantized structure long the reaction coordinate for these states. The existence of actual reaction resonances in the F + H 2 reaction was also predicted in the early 1970s [16] [17] [18] ; the search for evidences of such resonances in this reaction has attracted much attention from top experimental groups. In 1984, Neumark et al. performed a landmark crossed-beams experiment on the F + H 2 reaction using a universal crossed molecular beams apparatus [51, 52] . A clear forward scattering peak was observed for the HF(v = 3) product, which was regarded as the signature of resonances. In addition, forward scattering for the DF(v = 4) product from F + D 2 as well as the HF(v = 3) product from F + HD were detected [53] . Later full quantum dynamics calculations of the F + H 2 reaction [54] on the SW potential energy surface [55] show that the observed HF(v = 3) forward scattering is not necessarily related to a reaction resonance. Quasi-classical trajectory (QCT) calculations on the same surface also shows HF(v = 3) forwarding scattering [56] . This implies that the HF(v = 3) forward scattering observed in the experiment might be due to mechanisms other than resonances. Therefore, the resonance picture in the F + H 2 reaction remained in question. In 2000, Liu and coworkers carried out a crossed beam experiment and observed a step in the total excitation function in the F + HD → HF + D reaction [57] . Theoretical analysis based on the SW potential energy surface attributed this step to a single reaction resonance in the F + HD reaction. Differential cross sections for this reaction measured at various collision energies also revealed a resonance signature in the F + HD reaction [58] . However, no step in the excitation function similar to that for the F + HD reaction was observed for the F + H 2 reaction [59] , suggesting that the dynamics for these two systems are different. Theoretical study on the SW surface also found that resonances in the F + HD reaction have a profound effect not only on the dynamics but also on the actual rate of this reaction [60] .
Since 2006, extensive experimental studies on the F + H 2 (HD) reaction were carried out in our laboratory in an effort to understand the accurate physical picture of reaction resonances in this important system, in combination with full quantum scattering calculation based on new accurate potential energy surfaces. Crossed-molecular-beams scattering studies of the F + H 2 reaction were performed using the H-atom Rydberg tagging time-of-flight (TOF) method [61, 62] . TOF spectra of the H atom products from the F + H 2 reaction were measured at different scattering angles at the collision energy of 0.52 kcal/mol. Figure 6 shows a typical TOF spectrum of the H-atom product from the F + H 2 reaction. These spectra were then converted to product kinetic energy distribu-tions. By simulating the experimental kinetic energy distributions, fully ro-vibrational state resolved differential cross sections (DCS) were determined (see Fig. 7a ). One of the most interesting observations in the differential cross sections is the pronounced forward scattering peak for the HF(v = 2) product. Forward scattered product can be an important indication of reaction resonances, even though it is not necessarily caused by resonances.
To understand these experimental observations, two new potential energy surfaces were constructed. The XXZ (Xu-Xie-Zhang) potential energy surface (XXZ-PES) was constructed for the F(P 3/2 ) + H 2 reaction, using the internally contracted multi-reference configuration interaction method [63, 64] with the Davidson correction (icMRCI+Q) [65] with the augmented correlation-consistent valence 5-zeta (aug-ccpv5z) basis set of Dunning [66] . In order to interpret the F + HD experimental result, which will be discussed later in this article, the FXZ (Fu-Xu-Zhang) potential energy surface (FXZ-PES) for this system was also constructed [67] based upon the spin unrestricted, coupled cluster method, including single and double excitations with perturbative treatment of triple excitations, using the same basis set for the XXZ-PES. The spin-orbit effect was also included in both surfaces.
Fully converged quantum scattering calculations were carried out on these two new surfaces for the F(P 3/2 ) + H 2 ( j = 0) reaction at collision energies up to 1.5 kcal/mol using the widely used ABC program [68] . The calculated DCSs at 0.52 kcal/mol from the two potential surfaces were shown in Fig. 7b and 7c , in direct comparison with the experimental result. The agreement between the experimental data and the theoretical results from both potential energy surfaces are quite remarkable. The collision energy dependence for the forward scattering HF(v = 2) product was also calculated for both surfaces and the results agree fairly well with the experimental data. This demonstrates that the theoretical pictures of this reaction described by both the XXZ-PES and the FXZ-PES are quite reasonable.
Further analysis based on the two potential surfaces shows that the pronounced forward scattering of HF(v = 2) at the collision energy of 0.52 kcal/mol is caused by two Feshbach resonances which constructively interfere with each other at this collision energy. The ground resonance on both surfaces can be assigned to the (003) state trapped in the HF(v = 3)−H vibrational adiabatic potential (VAP) well with zero quantum vibration on both the reaction coordinate and the bending motion and three quanta vibration on the HF stretching. The excited reaction resonance can be assigned to the (103) state with an additional quantum vibration along the reaction coordinate compared to the (003) state. Figure 8 shows the resonance mediated reaction mechanism in a one-dimension (1D) vibrational adiabatic picture on the FXZ-PES. The resonance states on the v' = 3 adiabatic potential surface clearly lie in the post barrier regime, not in the barrier region. This picture is quite peculiar since the transition state region for the resonances is not associated with the reaction barrier region. The HF(v = 3)−H vibrationally adiabatic potential (VAP) on the FXZ-PES is quite interesting with a deep vibrationally adiabatic well and a van der Waals (vdW) part of the potential, which is considerably different from that on the SW-PES and more similar to that on the SWMHS-PES [69] . The 1D wave function for the ground resonance state in Fig. 8 shows that this resonance state is mainly trapped in the deeper well region on the HF(v = 3) VAP, while the excited resonance state is mainly a vdW bound reson- It is interesting to point out that the two potential energy surfaces have some significant differences in the post barrier resonance area although the reaction dynamics exhibited on the two PES surfaces are quite similar in describing the resonance picture of the F + H 2 reaction. Figure 9A shows the one dimensional HF(v = 3) VAPs for the two potential surfaces of the F + H 2 reaction. The shapes of the two VAPs are quite different. The VAP for the XXZ-PES exhibits two wells: a deeper inner well and a shallow van der Waals well. The shallow van der Waals well on the XXZ surface disappeared on the one dimensional VAP of the FXZ-PES, and the inner well on the FXZ-PES is deeper than that on the XXZ-PES. As a result, the ground resonance state on the FXZ-PES is shifted to lower energy by about 0.12 kcal/mol from that on the XXZ-PES, while the excited resonance state on the FXZ-PES merely shifts down by 0.01 kcal/mol. This is due to the fact that the excited resonance state is mainly determined by the long range vdW potential, which is very similar for the two surfaces. The dynamics of the F + H 2 reaction at 0.52 kcal/mol is largely determined by the excited resonance state and is not very sensitive to the position of the ground resonance. As a result of this picture, both potential energy surfaces can describe the observed dynamics for the F + H 2 reaction quite well even though the energies of the ground resonance states on the two surfaces are somewhat different. Based on the F + H 2 dynamical observations at 0.52 kcal/mol, it is not easy to judge which potential surface is better in describing the whole resonance picture in the F + H 2 reaction.
The isotope substituted reaction, F + HD( j = 0) → HF + D, is a good test case to see which potential energy surface is better. High resolution crossed beam scattering experiments were carried out for this reaction using the D-atom Rydberg tagging TOF method [67] . Full ro-vibrational state (HF) resolved differential cross sections for this reaction were measured in the collision energy range from 0.3 to 1.2 kcal/mol. Figure 10 shows four experimental DCS contour plots in three dimensions for the F + HD reaction at four collision energies: 0.43, 0.48, 0.52 and 0.71 kcal/mol. It is quite amazing to see the dramatic changes in the DCS taking place over this small range of collision energy (only 98 cm −1 ). The DCS changes from backward to mainly forward and goes through a series of remarkable variations. In Ref. [67] , the scattering signal at the backward scattering direction for HF(v = 2) was also measured in the collision energy range between 0.2 and 1.2 kcal/mol. Figure 11 shows the summed signal of HF(v = 2, j = 0 to 3) as a function of collision energy, with a peak around 0.39 kcal/mol. The peak is obviously related to the ground resonance in the reaction. Measuring state-resolved different cross sections turns out to be a good way to detect the position of resonances.
Quantum dynamical calculations on both the XXZ-PES and the FXZ-PES for the F + HD → HF + D reaction have been carried out in order to compare with the detailed crossed beam dynamics results. The predicted peak for the backward scattered HF(v = 2, j = 0 to 3) product obtained on the XXZ-PES is clearly a little too high as shown in Fig. 11 , suggesting that the predicted resonance state is too high on this surface for the F + HD reaction. Because of this problem, the calculated DCSs on the XXZ-PES cannot describe the experimental results when theory and experiment are compared at exactly for same energy. The predicted peak on the FXZ-PES, however, is in much better agreement with the experimental data than the XXZ-PES as shown in Fig. 11 . More remarkably, the theoretical results obtained on the FXZ-PES can reproduce very well the dramatic variations in experimental DCS shown in Fig. 10 , as well as the observed intriguing trimodal structures in the HF(v = 2) rotational distribution [67] .
Theoretical analysis reveals that the remarkable experimental observations for the F + HD reaction at low collision energies are due exclusively to the ground resonance state trapped in the HF(v = 3) adiabatic well. The well depth on the FXZ-PES is deeper by about 0.3 kcal/mol than the XXZ-PES, consequently the ground resonance state on the FXZ-PES is lower in energy by 0.16 kcal/mol as shown Fig. 9B . This makes the agreement between experiment and theory significantly better. The good agreement between the experimental results and dynamical calculations on the FXZ-PES for both the F + H 2 and F + HD reactions strongly suggests that the FXZ-PES is more accurate in describing the dynamical resonances in the reactions. Clearly, the isotope substitution in the reaction is a sensitive probe of the resonance potential in this F + H 2 reaction. As such, it is a kind of spectroscopy of of the transition state. In quantum dynamics theory, the reaction cross sections are calculated by summing contributions of different angular momentum partial waves. These partial waves are the total angular momentum J state or rotational state of the reacting system. Therefore, partial wave structures also exist in the transition state region. However, these partial wave structures cannot be resolved under normal circumstances because these partial wave structures are not usually very broad due to the short live transition state. Consequently, such partial wave resonance structures have never been detected previously. In the F + HD reaction, because the ground reaction resonance state has a lifetime of a few hundred femtoseconds, dynamics calculations based on the FXZ-PES show that the partial wave resonance states are well separated and could be resolved in a very resolution crossed beam experiment. Quantum dynamics calculations also indicate that these high J partial resonance structures could be detected in measurements of the collision energy dependent state resolved differential cross sections (see the solid curve in Fig. 12 ) [70] . In order to detect these partial wave resonances, a very high resolution crossed beams experiment on the F + HD reaction was carried out using two molecular beams that are expanded via liquid nitrogen cooled valves. The cold expansion reduces the energy uncertainty in the beam velocities and thus enhances the energy resolution in the crossed beam experiment. Experimental results indicate that the predicted partial oscillatory structures can be indeed detected in this high resolution scattering experiment (see Fig. 12 ). This example shows that through strong interactions between experiment and theory, deeper understanding of new phenomenon in reaction dynamics can be achieved. These studies demonstrate the importance of accurate potential energy surfaces in understanding the reaction dynamics, which was pointed out for the first time by Eyring and Polanyi about 82 years ago.
The effect of H 2 reagent rotational excitation on the dynamics of the F + H 2 reaction has also been investigated in the low collision energy region [71] . In this work, two different H 2 samples were used in the experiment: a normal H 2 sample, and a pure para-H 2 sample [50, 72] . Since the H 2 beam is produced by expanding the H 2 sample via a liquid N 2 cooled nozzle, the H 2 molecules in the beam are only populating the lowest rotational states: j = 0 (100%) for p-H 2 , j = 0 (25%) and j = 1 (75%) for n-H 2 . By measuring the relative H atom TOF signals for the F atom reactions with p-H 2 and n-H 2 , the relative TOF signals can be determined for both the F + H 2 ( j = 0) and F + H 2 ( j = 1) reactions. Figure 13 shows the TOF spectra for the HF product from the F + H 2 ( j = 0, 1) reactions at the collision energies of 0.56 and 0.19 kcal/mol. At 0.56 kcal/mol, the F + H 2 ( j = 1) reaction shows no forward scattering signal for the v' = 2 HF product, while the F + H 2 ( j = 0) reaction shows a clear forward scattering peak at the same collision energy. At 0.19 kcal/mol, a large HF(v = 2) forward scattering peak appears for the F + H 2 ( j = 1) reaction. In addition, forward scattering signal was also measured at different collision energies for the F + H 2 ( j = 1) reaction. A peak around 0.16-0.18 kcal/mol was observed in the excitation function [71] . This result is quite similar to that of F + H 2 ( j = 0) [62] , except the peak was shifted to lower energy by about 0.35 kcal/mol, which is roughly equal to the rotational energy of the H 2 j = 1 level.
Full quantum scattering calculations suggest that the F + H 2 ( j = 1) reaction at 0.56 kcal/mol proceeds predominantly via the continuum tunneling reaction mechanism, without contribution from the resonances. Therefore, very little product of HF(v = 2) was seen in the forward direction for this reaction at this collision energy. For the F + H 2 ( j = 1) reaction at 0.19 kcal/mol, theoretical calculations show a strong forward scattering for the HF(v = 2) product, which is attributed to the two reaction resonances in F + H 2 . Theoretical calculations also exhibit a peak around 0.17 kcal/mol in the collision energy dependent forward scattering signal of the HF(v = 2) product from the F + H 2 ( j = 1) reaction, in good agreement with the experimental data. The resonance for the F + H 2 ( j = 1) reaction is shifted to 0.17 kcal/mol from 0.52 kcal/mol in collision energy for the F + H 2 ( j = 0) reaction due to the additional reagent (H 2 ) rotational energy of 0.34 kcal/mol added in the reaction. It is interesting to point out that the position of the appeared resonance in the total energy scale (collision energy + rotational energy) is the same for the F + H 2 ( j = 0, 1) reactions.
Conclusions
In this article, we have reviewed the progress in experimental and theoretical studies the elementary H + H 2 and F + H 2 reactions and the isotope substituted reactions. Crossed molecular beams studies using the high-resolution H-atom Rydberg tagging TOF technique for the two reactions have revealed detailed and interesting reaction dynamics. These systems were also studied using the full quantum dynamics calculations based on highly accurate potential energy surfaces constructed using accurate quantum chemical methods. In the H + H 2 reaction, the effect of quantized bottleneck states on the reaction dynamics of this simple reaction is investigated. Clearly quantized bottleneck states in the transition state region play a key role in shaping the reaction dynamics of this simplest reaction system. Overall, the theory of H + H 2 reaction was found to nearly perfect and has been crucial in deepening our understanding of the reaction dynamics of this reaction at the most fundamental level.
A clear physical picture of reaction resonances has emerged for the F + H 2 reaction, in which two Feshbach resonances are important in this reaction at low collision energies. Through the studies of the isotope substituted F + HD → HF + D reaction, the resonance potential was probed with high accuracy. It appears that the FXZ potential energy surface obtained recently based on the CCSD(T) method provides the most accurate account of the dynamical resonances in both the F + H 2 ( j = 0) and F + HD( j = 0) reactions. The effect of the H 2 reagent rotational excitation on the reaction resonances in the F + H 2 reactions has also been investigated. Both experimental and theoretical results show that reagent rotational excitation has a significant effect on the dynamics of the resonance mediated reaction. Through the detailed investigations, an accurate physical picture of reaction resonances in this benchmark reaction has been established, providing an excellent case of dynamical resonances in elementary chemical reactions. In the early days, resonances were hoped to provide spectroscopic information on the transition state, this is largely turned out to be true for the F + H 2 reaction. In all these studies, we have shown that accurate potential energy surfaces are crucial in the understanding of the dynamics of elementary chemical reactions. We hope to extend this type of strong interactions between theory and experiment to the study of polyatomic reaction systems, in which more complex dynamics are expected.
